Human promyelocytic cells, NB4, differentiate into neutrophils in response to all-trans retinoic acid (ATRA). It has recently been proposed that NB4 cells have bilineage potential because these cells are also able to differentiate into monocyte/macrophages when exposed to a combination of 1,25-dihydroxyvitamin D3 (VD3) and phorbol myristate acetate (PMA). Differentiation of myeloid cells into neutrophils or monocytes is associated with the acquisition of the O − 2 producing enzyme, NADPH oxidase, which plays a critical role in microbial killing. In this study, the expression of the components of the NADPH oxidase complex during the differentiation of NB4 cells into neutrophils or macrophages has been investigated. Whereas cells exposed to ATRA were able to produce O − 2 after 2 days of differentiation, they remain unable to generate O − 2 when exposed to PMA or PMA + VD3. With the exception of p21rac, none of the other oxidase components was expressed in non-differentiated cells. Addition of ATRA induced the progressive expression and accumulation of p22phox, p91phox, p47phox and p67phox. Compared to the other components, p67phox was expressed late and its expression appeared to correlate most closely with the generation of O − 2 in the differentiation process. In PMA or PMA + VD3-differentiated NB4 cells, expression of the NADPH oxidase components was incomplete. Therefore, ATRA induced the expression of a functional NADPH oxidase complex in neutrophil-like NB4 cells. In contrast, when NB4 cells are exposed to monocytic differentiating agents, they acquire only part of the phenotypic characteristics of monocytes and lack one of the major phagocytic functionalities, the respiratory burst oxidase.
Introduction
The cell line NB4 has recently been isolated from a patient with acute promyelocytic leukemia (APL). 1 This is the only currently available human promyelocytic cell line since HL60 cells are derived from an acute myeloblastic leukemia with maturation M2. 2 In contrast, NB4 cells contain a chromosomal translocation involving chromosomes 15 and 17, t(15;17) specific to acute promyelocytic leukemia. 1 The resulting PML/RAR␣ fusion gene product, which plays a key role in the acute promyelocytic leukemia pathogenesis, 3 has been extensively studied in these cells. Treatment of patients with all-trans retinoic acid (ATRA) causes terminal differentiation of malignant cells and emergence of normal hematopoietic cells as patients achieve remission. 4, 5 In vitro, NB4 cells undergo extensive maturation from the promyelocytic to the granulocytic stage upon exposure to ATRA. 1 This has been characterized by analyses of morphology, the capacity to reduce nitroblue tetrazolium, adherence to the extracellular matrix, phagocytosis and expression of neutrophil surface antigens and azurophil granule markers. 1, [6] [7] [8] [9] Therefore, NB4 cells exposed to ATRA are a model system to study the differentiation processes involved in the transformation of promyelocytes into neutrophils.
Terminal differentiation of phagocytes is characterized by the acquisition of the respiratory burst enzyme NADPH oxidase which generates superoxides (O − 2 ) leading to the production of secondary products such as hydrogen peroxide and hydroxyl radicals, all of which participate in microbial killing. 10 NADPH oxidase is a multicomponent enzyme, which is dormant in resting cells and activated in cells exposed to microorganisms or various soluble stimuli. Activation of NADPH oxidase requires a minimum of five components: p91phox and p22phox, which form cytochrome b558, p47phox, p67phox and p21rac. 11 Assembly of the cytosolic proteins p47phox and p67phox with the membrane-associated cytochrome b558 requires their translocation from the cytosol. 11 It has been proposed that p21rac, which is mostly a cytosolic protein, is present in sufficient amounts in the plasma membrane to support full activation of the oxidase. 12, 13 Other authors, however, have reported that translocation of rac from the cytosol to the plasma membrane is necessary. 14 The expression of the oxidase subunits, translocation and functional assembly of the enzyme has not yet been documented during differentiation of NB4 cells with ATRA. It is only known that differentiated NB4 cells are able to reduce nitroblue tetrazolium or cytochrome C, 1, 9, 15 and attempts to characterize the source of the radicals have not been made. Several recent reports mention that NB4 cells show bilineage potential with expression of monocyte-macrophage markers in response to inducers of monocytic differentiation such as 1,25 dihydroxyvitamin D3 (VD3) and phorbol myristate acetate (PMA). [16] [17] [18] [19] [20] We have therefore addressed the question of whether NADPH oxidase is expressed and functional in NB4 cells exposed to ATRA or to inducers of monocytic differentiation.
Material and methods
Cell culture and differentiation In some experiments, NB4 cells were exposed to 20 ng/ml phorbol myristate acetate (PMA) or PMA plus 240 nM 1,25-dihydroxy vitamin D3 (VD3), two agents reported to induce differentiation along the monocytic pathway. [16] [17] [18] [19] [20] PMA was solubilized in DMSO (1 mg/ml) and kept at −80°C. 1,25-dihydroxy vitamin D3 (kindly provided by U Fischer and P Weber, Hoffmann-La Roche, Basel, Switzerland) was solubilized in ethanol (240 M) and kept in glass tubes under nitrogen at −20°C. Cell viability was assessed by the trypan blue exclusion test.
Cell cycle analysis during NB4 differentiation Cell cycle distribution was determined as previously described. 21 At different times during ATRA-induced differentiation, 10 6 NB4 cells were pelleted and washed in PBS, pH 7.4. The pellet was resuspended in 200 l of solution A (30 g/ml trypsin (Sigma) in buffer T: 3.4 mM trisodium citrate, 0.1% Nonidet P-40, 1.5 mM spermine tetrachloride (Sigma), 0.5 mM Tris-hydroxymethyl-aminomethane) and incubated for 10 min at room temperature. Then, 200 l of solution B (500 g/ml soybean trypsin inhibitor, 100 g/ml RNAse A in buffer T) were added and the samples incubated for 10 min at room temperature. Finally, 200 l of solution C (416 g/ml propidium iodide (Sigma), 1.5 mM spermine tetrahydrochloride in buffer T) were added and the tubes incubated in the dark for 10 min at room temperature. Samples were then analyzed for their DNA content by FACS-Scan (Becton Dickinson, San Jose, CA, USA).
Cell stimulation and superoxide generation ATRA-differentiated cells were washed free of culture medium, resuspended at a density of 10 6 cells/ml in MEM containing 10 mM Hepes, pH 7.4 and stimulated either by PMA or opsonized zymosan (OZ) prepared in human serum as previously described. 22 Cells differentiated by PMA or PMA + VD3 were grown in 24-well plates. Non-adherent cells were removed and adherent cells were tested for their capacity to produce O − 2 in MEMHepes buffer in response to formyl-methionyl-leucyl-phenylalanine, the calcium ionophore A23187 or OZ.
Superoxide generation was determined by the continuous or discontinuous superoxide dismutase-inhibitable cytochrome c reduction assay as described previously using a double-beam spectrophotometer Uvikon 930 (Kontron, Montigny, France) at 550 nm. 23 
Western blot analyses
Proteins were solubilized in Laemmli buffer and separated by SDS-PAGE, transferred to nitrocellulose membranes and subjected to immunological detection using 125 I-protein A or enhanced chemiluminescence (ECL) as described. 24 Rabbit anti-p47phox and anti-p67phox antisera were kindly provided by A Segal, University College, London, UK; mouse monoclonal antibodies directed against p22phox and p91phox were obtained from A Verhoeven, CLB, Amsterdam, The Netherlands; rabbit antibodies against p21rac were provided by G Bokoch, Scripps Clinic, San Diego, CA, USA. p91phox is a heavily glycosylated protein which migrates as a diffuse band in SDS-polyacrylamide gel electrophoresis. 23 Subcellular fractionation ATRA-differentiated NB4 cells were stimulated (or not) for 10 min with PMA and fractionated as previously described. 25 Briefly, the cells were sedimented at 250 g, resuspended in relaxation buffer 25 containing a cocktail of proteinase inhibitors (1 mM PMSF, 1 mM EDTA, 3 g/ml leupeptin, 1 g/ml pepstatin and 1000 IU/ml aprotinin) at 2.5 × 10 7 cells/ml, and disrupted by nitrogen cavitation for 4 min at 4°C at 350 p.s.i.
Following the addition of 6 mM EGTA, nuclei, intact cells and debris were removed by centrifugation at 200 g for 10 min. Post-nuclear supernatants were centrifuged at 11 000 g for 10 min to sediment the granules. Post-granular supernatants were further centrifuged at 200 000 g for 10 min at 4°C to sediment the plasma membrane-enriched fraction. The cytosol was removed, and the pellets washed free of cytosol after resuspension in relax buffer and centrifugation.
Marker assays ELISA assays were performed for ␤2 microglobulin, (a plasma membrane marker) and myeloperoxidase (an azurophil granule marker) as previously described 25 following overnight solubilization in 0.5 M NaCl, 3 mM KCl, 1% Triton X100, 8 mM Na 2 PO 4 /KH 2 PO 4 , pH 7.2.
Results
Superoxide generation and expression of NADPH oxidase components along differentiation of NB4 cells with ATRA
We first examined the cell viability of NB4 cells during their differentiation with ATRA which was Ͼ94% in non-differentiated cells or cells having differentiated by day 5. It decreased to 81% in cells by day 6. Therefore, the experiments were only performed using cells less than 5 days old. The arrest of NB4 cells in the G1 phase of the cell cycle during treatment with ATRA was also monitored. The percentage of non-differentiated cells in the G1 phase was 45%. This increased to 80% in cells exposed to ATRA for 84 h (Figure 1 ), indicating that, under our experimental conditions, ATRA efficiently inhibited NB4 cell proliferation. The expression of NADPH oxidase, a marker of cell differentiation, was studied and with the exception of p21rac, none of the oxidase components was found in non-differentiated cells (Figure 2a) . The expression of the heterodimer cytochrome b558 (p91phox, p22phox) increased from day 1 to day 4 of differentiation. p47phox was essentially expressed at a maximal level by day 1 while p67phox was detected by day 2-3, and then, increased progressively until day 5 (Figure 2a) . The expression of p21rac increased during cell maturation from day 0 to day 5. The production of O − 2 was initiated either by PMA, a membrane by-passing agent, or by OZ, a stimulus which binds to membrane receptors (Figure 2c ). When it was compared with the expression profile of the NADPH oxidase components along NB4 cell differentiation (Figure 2a) , it appeared to follow the profile of p67phox expression. This suggests that p67phox is probably the limiting factor in the generation of O − 2 . We then studied whether the translocation of p47phox and p67phox, necessary for the NADPH oxidase function, had occurred following stimulation of NB4 cells differentiated for 5 days. As shown in Figure 2b , these cytosolic subunits were present in membranes isolated from PMA-stimulated cells but almost undetectable in membranes isolated from resting cells. This demonstrates the presence of a functional O − 2 -generating enzyme complex in ATRA-differentiated NB4 cells. We verified 25 that the plasma membrane-enriched fractions isolated from resting and PMA-stimulated were ␤2-microglobulin positive, a plasma membrane marker, and essentially free of myeloperoxidase, an azurophil granule marker (data not shown).
We have recently observed that, in ATRA-differentiated NB4 cells, cytochrome b558 co-localizes with the plasma membrane marker ␤2-microglobulin 26 while, in neutrophils, most of the cytochrome b558 is associated with the membrane of specific granules. 11 We checked whether mislocalization of cytochrome b558 did not modify the kinetics of activation of the NADPH oxidase. Upon PMA stimulation, the production of O − 2 by human neutrophils or ATRA-differentiated NB4 cells was characterized by 1.5 min lag and a plateau reached approximately 20 min after addition of PMA (data not shown). Therefore, the generation of O − 2 followed similar kinetics in both cell types.
Superoxide generation and expression of NADPH oxidase components during differentiation of NB4 cells with PMA or PMA + VD3
The appearance of some monocytic characteristics such as adherence, positiveness to the specific esterase test, phagocytic activity, and the presence of HLA-DR-positive cells has been described in NB4 cells exposed to PMA or VD3. 8, 16, 17, 20 In contrast to HL60 cells, these agents induce a poor monocytic phenotype in NB4 cells when used independently, but cause a potent induction of monocytic differentiation when combined. 8, 17, 20, 27 However, the ability of PMA and VD3 to induce the expression of NADPH oxidase and the production of O − 2 has not been studied in monocytic-like NB4 cells. We observed that NB4 cells become strongly adherent and possess lamellipodia 24 h after the addition of PMA or PMA + 1,25 dihydroxy vitamin D3, yet remain unable to produce O − 2 in response to 3 M formyl-methionyl-leucylphenylalanine, 3 mg/ml OZ or 5 M A23187, a calcium ionophore (data not shown). In parallel experiments to those with NB4 cells, HL60 cells were differentiated with PMA or VD3 to verify that both agents were able to induce the capacity to produce O − 2 : it was of 2.4 ± 0.9 or 4.7 ± 0.6 nmoles/10 6 cells/10 min, respectively, in response to 3 mg/ml OZ.
The expression of the oxidase components was studied in order to determine why NB4 cells exposed to these inducers of the monocytic phenotype were unable to generate O − 2 . After 3 days of differentiation, p22phox and p91phox proteins remained undetectable. p47phox and p67phox were expressed at a low level in cells exposed to PMA + VD3, but absent in cells exposed to PMA (Figure 3) . No further expression of the oxidase components was observed following exposure of the cells to the differentiating agents for up to 5 days (data not shown).
Discussion
NB4 cells are a promyelocytic cell line that can be efficiently differentiated into neutrophils with ATRA. Here, we show that ATRA-differentiated NB4 cells contain a functional NADPH oxidase. In contrast, PMA or PMA + VD3, two agents inducing differentiation of HL60 cells in monocytes with complete expression of NADPH oxidase, did not promote expression of the functional enzyme when used with NB4 cells.
The potential for O − 2 production has been previously studied in HL60 cells during differentiation to neutrophilic or mono- cytic phenotypes. 28 It was reported that the monocyte-like differentiated HL60 cells were more active in producing O − 2 than the neutrophil-like counterpart. 28 Here, we show that NB4 cells are unable to generate O Apart from rac which is expressed in non-differentiated NB4 cells, the components of the NADPH oxidase are not expressed. The addition of ATRA to the culture medium induces the rapid expression of p22phox, p91phox, p47phox. When compared to the other components, p67phox was expressed late and correlated most closely to the generation of O − 2 . Similar results have been observed during differentiation of HL60 cells with a delayed expression of p67phox. 28 That the promyelocytic NB4 cells and the myeloblastic HL60 cells exhibit similar patterns of expression of the oxidase components during granulocytic differentiation suggests there may be a general regulatory mechanism controlling the expression of the oxidase components. How the expression of the NADPH oxidase components is regulated by retinoic acid, a compound which plays a crucial role in the differentiation of normal promyelocytes in neutrophils 29 and in the treatment of promyelocytic leukemia 4, 5 needs to be investigated further. In addition, it would be of interest to study the expression of NADPH oxidase components in both ATRA-treated myeloid cells isolated from healthy patients and in cells from APL patients treated with ATRA.
Induction of the expression of monocytic markers in NB4 cells when exposed to differentiating agents such as VD3, PMA or M-CSF has been reported. 8, 16, 17, 20 This cell line is not effectively induced into mature monocytic cells when these agents are used alone, but effective maturation has been observed when they are combined. 8, 17, 18, 20, 27 Here, we show that NB4 cells exposed to PMA or PMA + VD3 were unable to generate O − 2 resulting from the lack of expression of p22phox and p91phox, the membrane-associated subunits of Expression of NADPH oxidase components in NB4 cells exposed to PMA or PMA + VD3. NB4 cells exposed for 3 days to 20 ng/ml PMA (lane 1) or PMA plus 240 nM VD3 (lane 2) or 1 M ATRA (lane 3) were lysed and Western blot analyses were performed as in Figure 2 . One experiment representative of three is shown. the oxidase. Unlike HL60 cells which respond to VD3 through monocytic differentiation, O − 2 production 28 and increase in vitamin D receptor expression, 18 VD3 or VD3 + PMA-induced monocytic differentiation of NB4 cells occurs independently of VD3 binding to its nuclear receptor. 18 Since VD3 does not induce the expression of NADPH oxidase activity in NB4 cells but does induce it in HL60 cells, 28 this suggests that the presence of a functional NADPH oxidase in leukemic cells exposed to VD3 is the result of genomic actions of VD3.
In conclusion, ATRA induced the expression of the NADPH oxidase components which are able to form a functional complex in NB4 cells. In contrast, monocytic differentiating agents are unable to evoke O − 2 generation due to incomplete expression of the oxidase components. Our data indicate that while NB4 cells can be differentiated in neutrophil-like cells, they acquire only part of the phenotypic characteristics of monocytes and lack one of the major phagocytic functionalities, the O − 2 producing enzyme NADPH oxidase.
